Abstract
pupae had supercooling points around -20.5 °C and survived brief exposures to -30 °C, 23 suggesting partial freeze tolerance. Overwintering pupae had hemolymph osmolality of 24 approximately 920 mOsm, imparted by high concentrations of glycerol, K + and Na + . After 25 exposure to spring warming, supercooling points increased to approximately -17 °C, and survival 26 of a 1h exposure to -20 °C decreased from 100 % to 0 %. This deacclimation was associated with 27 decreased hemolymph osmolality and reduced glycerol, trehalose, Na + and Ca 2+ concentrations. 28
We compared cold tolerance of pupae to weather conditions at and beyond the species' northern 29 range boundary. Minimum temperatures at the range boundary were close to the lower lethal 30 temperature of pupae, and temperatures north of the range were colder, suggesting that cold 31 hardiness may set northern range limits on the mainland. Minimum temperatures following 32 warm snaps were likely to cause mortality in at least one of the past three years. Cold snaps in 33 the spring are increasing in frequency as a result of global climate change, so are likely to be a 34 significant source of mortality for this species, and other temperate ectotherms.
Introduction

38
The body temperatures of small ectotherms generally reflect those of the environment, 39 particularly in immobile and/or quiescent overwintering stages (Harrison et al., 2012) . At sub-40 freezing temperatures, insects risk ice formation in their body fluids. They mitigate this risk 41 using cold tolerance strategies that are generally divided into freeze tolerance (those that 42 withstand internal ice formation) and freeze avoidance (those that maintain the body fluids in a 43 liquid state at low subzero temperatures) (Lee, 2010) . Freeze-avoidance and -tolerance are both 44 typically associated with a suite of biochemical adaptations, including carbohydrate and polyol 45 cryoprotectants, and antifreeze proteins (Lee, 2010) . The strategies differ in the control of ice 46 nucleation (Sinclair et al., 2009; Zachariassen, 1985) ; freeze-tolerant insects generally have high 47 for this species. British Columbia is experiencing warming that is faster than the global average, 105 and that warming is most pronounced in the north, and in the winter (Wang et al., 2006) . 106
Winter warming is predicted to expand the range limits of animals and plants that are limited 107 by cold (Williams et al. 2014 , in press). However, this effect may be mitigated or reversed if 108 winter warming causes energy drain, or if spring warming causes loss of winter cold acclimation, 109 leaving pupae vulnerable to spring cold snaps (Williams et al., in press ). Previously observed 110 metabolic suppression means that P. zelicaon pupae are unlikely to be vulnerable to energy drain 111 induced by winter warming (Pelini et al., 2009). We therefore investigate here whether they are 112 at risk of increased mortality from cold snaps during spring, resulting from the loss of winter 113
acclimation. 114
Here we report the cold tolerance strategy and hemolymph composition of P. zelicaon, as 115 well as plasticity in cold tolerance and hemolymph composition in the face of a short warming 116 period, similar to that which might be experienced during a late winter or early spring warm 117 spell. We hypothesize that cryoprotectants are essential for cold tolerance, but that there are costs 118 to maintaining high cryoprotectant concentration such that cryoprotectant concentrations will be 119 reduced quickly at the end of winter. We predict, therefore, that exposure to warm spring 120 temperatures will lead to deacclimation (loss of cold tolerance), which will be accompanied by a 121 decrease in cryoprotectants. We then combine our physiological measurements with recent 122 weather data to test the hypothesis that spring deacclimation could lead to mortality of this 123 species in the wild. 124 minimum temperatures, and were adjusted every two weeks to reflect seasonal changes (Fig. 1) . 137
Methods
Study species and rearing
In late August 2009, pupae and remaining larvae were returned to the University of Western 138
Ontario where they were maintained under the same conditions in incubators (MIR-153, Sanyo 139 Scientific, San Diego, CA) in constant darkness. Pupae were transferred into 6-well tissue culture 140 plates with a moist paper towel to maintain high humidity. 141 days of exposure to warm temperatures (Fields et al., 1998) . After four days, we compared the 168 cold tolerance of pupae in the winter-acclimated and spring-warmed treatments (n=5 each) by 169 exposing them for one hour to the lowest temperature at which we saw 100% survival in winter-170 acclimated pupae (-20 °C), and monitoring survival as described above. On the same day as coldtolerance was assayed, we collected hemolymph samples from the remaining four pupae from 172 each treatment (winter-acclimated and spring-warmed) for biochemical analyses. 173
Cold tolerance experiment
Hemolymph composition analyses
174
All biochemical analyses were performed on the same (n=4) individuals from each 175 treatment (winter-acclimated and spring-warmed). Pupae were punctured at the first abdominal 176 sternite with an insect pin and, without delay, placed cremaster-down in a 1.5 mL Eppendorf 177 tube. Pupae were spun briefly (5 s, 8 rpm) in a microcentrifuge to expel hemolymph (50-100 178 µL), which was pipetted into 0.6 mL Eppendorf tubes, snap-frozen in liquid nitrogen and stored 179 at -80 °C until biochemical analysis. Aliquots were taken from these tubes for each analysis. 180
Hemolymph osmolality and thermal hysteresis were measured using the method of 181 Plates were incubated at room temperature for 5 min and absorbance was read at 540 nm in a 209 SpectraMax ® M2e (Molecular Devices, Sunnyvale, California, USA) spectrophotometer, and 210 quantified against glycerol standard curves. 211
We measured ion concentrations in the hemolymph using atomic absorption spectroscopy 212 (iCE 3300; Thermo Scientific, Waltham MA, USA) as described by MacMillan and Sinclair 213 (2011). We digested 10 µL hemolymph with 100 µL nitric acid for 24 h at room temperature. 214
We determined Na + and K + concentrations in a 1% solution and Mg 2+ and Ca 2+ in a 0.2% 215 solution of the digested hemolymph diluted with double-distilled water. Standard curves of ions 216 (0.2 to 2 ppm) were generated from diluted standards containing the same amount of nitric acid. 217
Weather data
218
To test for cold-induced range limitation, we obtained daily weather data from three years 219 our animals were collected. Thus, we are making an assumption that cold hardiness is relatively 226 invariant across the northern portion of the range (see discussion). For each of these three 227 weather stations, we chose a matched "outside range" station 300-400 km north at approximately 228 the same longitude, also within the same elevational range where possible (Table 1) . This 229 provided three comparisons of conditions inside versus outside the range, at controlled elevation, 230 replicated over three years at each longitude. 231
We next assessed the frequency of lethal cold snaps following deacclimation. To estimate 232 the timing of the first warm spell that might initiate development and deacclimation, we parsed 233 the weather data (for each year at each site) for the first occurrence of a four day stretch of daily 234 maxima above the threshold for development in closely-related swallowtail species (11 °C) 235 (Scriber and Lederhouse, 1983) . Four days was chosen to match the time used in our 236 deacclimation experiments. We recorded the date at which the warm spell started, the minimum 237 temperature between January 1 and that date for that year, and the minimum temperature in the13 16 days following that date -this period was chosen because it reflects the average time for adult 239 emergence in the laboratory under the deacclimation conditions. This yields a conservative 240 estimate of the minimum temperature, since development is likely slower under spring 241 conditions in the field, which we expect to be cooler than the 25 °C in the laboratory. 242
Statistical analyses
243
We compared concentration of carbohydrates and ions in the hemolymph as well as 244 hemolymph osmolality and thermal hysteresis between acclimated and deacclimated pupae using 245 two-tailed t-tests in Microsoft Excel 2010 (Microsoft, Redmond, Washington, USA). We 246 compared survival of acclimated and deacclimated pupae using a chi square test in R 3.0.2 (R 247
Core Team 2013). Data are presented as mean ± standard error (SEM). We tested the hypothesis 248 that minimum low temperatures both before and after a spring warm period were more severe 249 outside the range using paired t-tests in R v3.0.2. 250
Results
251
Cold tolerance strategy
252
No mortality was observed in winter-acclimated pupae after 1 h at -15 or -20 °C, despite 253 some individuals freezing at -20 °C. Sixty percent of individuals survived 1 h at -25 and -30 °C, 254 during which all pupae froze, but no pupae survived a 1h exposure at -35 °C (Fig. 3A) . Half the 255 pupae survived a 12 h exposure at -20 °C, including one individual that froze during the ramping 256 period and thus likely reached equilibrium ice formation during the 12 h exposure. No healthy 257 adults emerged after 12 h at either -25 or -30 °C (most died, and one emerged deformed; Fig.  258 3B). The average time to adult emergence after transfer into warm conditions was 15.9 ± 0.8 259
Deacclimation experiment
261
After four days of simulated spring warming, no pupae survived 1 h at -20 °C, compared 262 to 100% for winter-acclimated pupae tested at the same time. Concurrently, the SCP increased 263 slightly but significantly from -20.5 for winter-acclimated pupae to -17.4 °C for spring-warmed 264 (henceforth referred to as deacclimated) pupae (Table 2) . 265
Hemolymph osmolality of winter-acclimated pupae ranged from 690 -1193 mOsm, and 266 decreased by 45 % in deacclimated pupae (Table 2 ). Preliminary analyses without the trehalase 267 digestion did not detect any free glucose in either winter-acclimated or deacclimated pupae. The 268 predominant sugar/ sugar alcohol in the hemolymph of winter-acclimated pupae was glycerol, 269 with smaller amounts of trehalose (Table 2) . After four days of simulated warming, glycerol -270 and to a lesser extent trehalose -concentrations decreased significantly relative to winter-271 acclimated pupae (93 and 54% decreases for glycerol and trehalose, respectively), resulting in 272 glycerol and trehalose concentrations being approximately equal in deacclimated pupae (Table  273 2 0.38 (deacclimated). Thermal hysteresis in the hemolymph was present, but low even in winter-278 acclimated pupae, and decreased slightly but significantly upon deacclimation (Table 2) . 279
Weather data
280
Mean minimum daily temperatures during the winter were significantly colder outside 281 the range compared to the northern range edge (mean -31.5 ± 1.6 °C compared to -37.3 ± 1.5 °C;deacclimation, see methods) occurred earlier at the northern range edge compared to outside the 284 range on 95 % of occasions (Table 3 ). The mean daily minimum temperature following a warm 285 spell was -7.0 ± 1.7 °C (ranging from -0.2 to -18.3 °C), and did not differ between inside and 286 outside of the range (t8=1.09, p=0.153). 287
Discussion
288
Papilio zelicaon pupae are tolerant of transient low temperature exposure, and appear to 289 survive at least some internal ice formation. This cold hardiness stems from the accumulation of 290 glycerol and cations that contribute to the low supercooling point; glycerol likely also stabilizes 291 biological macromolecules (Zachariassen 1985) . A four-day warm spell caused a sharp decrease 292 in hemolymph sugars, sugar alcohols, cations, and thus total osmolality, and a concordant drop in 293 cold hardiness. Weather data show that temperatures following a warm spell drop as low as -18.6 294 °C, close to the temperature at which we saw 0 % survival in the laboratory, suggesting that 295 deacclimation could lead to cold-induced mortality in the wild, particularly outside the range. 296
Cold tolerance strategy and physiological mechanisms 297 Some pupae survived internal ice formation (indicative of freeze tolerance), while others 298 were killed by, or before, ice formation (indicative of freeze avoidance or chill susceptibility) 299 (Lee, 2010) . In addition, the SCPs were low (around -20 °C in winter-acclimated individuals) 300 which would normally be associated with freeze avoidance (Lee, 2010) . Freeze tolerance by 301 species with low SCPs has been reported previously (Ring, 1982) , and the SCP of -20 places this 302 species in that category (Sinclair, 1999) , along with other species that show only partial tolerance 303 of internal ice formation (Ring, 1982) . The SCP of P. zelicaon is not low enough for a freeze 304 avoidant strategy to allow survival in nature (at least after laboratory rearing), so it seems that 305 this partial freeze tolerance forms a part of their strategy to survive low winter temperatures. 306
The primary hemolymph cryoprotectant in P. zelicaon is glycerol, in contrast to 307 overwintering P. glaucus and P. canadensis, which contain trehalose but no measureable 308 glycerol (Kukal et al., 1991), but consistent with P. machaon and P. xuthus which have 160-220 309 mM hemolymph glycerol (Shimada 1988 ). This conforms to the phylogeny, which places P. Although cryoprotectants and osmolytes play important roles in depressing the SCP and 336 stabilizing proteins and macromolecules when there is a risk of cold damage, it is energetically 337 costly to maintain high levels of these molecules in the hemolymph. We found good support for 338 our hypothesis that the costs of that high osmolality would lead to a rapid decline upon 339 rewarming. Declines in sugars and polyols likely represent the recycling of energetically dense 340 molecules to fuel development, once they are no longer required for cryoprotection (Storey 341 1997) . In the present study, hemolymph glycerol concentration showed the most pronounced 342 decline with deacclimation, suggesting that it may have a causal relationship with cold hardiness 343 as is seen with other polyols at similar concentrations in Pyrrhocoris apterus (Hemiptera: 344 Heteroptera) (Koštál et al., 2001) . We also documented a decline in trehalose concentration. In 345 the fall webworm (Lepidoptera: Arctiidae), a decrease in trehalose is paralleled by an increase in 346 glycogen, suggesting that free sugars are sequestered into energy reserves after winter (Li et al. 347 2001). This may also be the case in P. zelicaon. Contrary to our findings, trehalose does not 348 decrease after 10 days acclimation to 25 °C in P. glaucus and P. canadensis; perhaps indicating 349 that the primary function of accumulated trehalose in those species is energetic rather than 350 cryoprotective (Kukal et al. 1991) . 351
Hemolymph composition of deacclimated pupae is in line with previous reports for 352
Lepidoptera. The total osmolality of the hemolymph of deacclimated pupae is within the range 353 reported for other Lepidoptera (258-629 mOsm) (Sutcliffe, 1963 ratios, (Sutcliffe, 1963) . However, prior to the present study the role of ion balance during cold 367 exposure in Lepidoptera has not been well-explored, although hemolymph [Na + ] does not change 368 after freezing in larvae of Pyrrharctia isabella (Arctiidae), and remains low during the winter 369 (Boardman et al., 2011) . This emphasizes the importance of taking a broad phylogenetic 370 approach when studying the evolution of cold tolerance mechanisms. 371
Implications for geographic range limits
372
Average minimum temperatures dropped below the temperature that caused 100 % 373 mortality in winter-acclimated individuals (-35 °C) on average once out of the past three years 374 inside the northern range boundary, but that number increased to two out of three years 300-400 375 km north of the current P. zelicaon range boundary. This suggests that low winter temperatures 376 may limit the northern range boundary of this species. The presence of potentially suitable host 377 plants north of the current range edge (Natural Resources Conservation Service, USDA, 378 plants.usda.gov), suggests that the range boundary is not set by biotic interactions. This 379 conclusion of cold-limitation depends on the validity of our estimates of 1) cold exposure, 2) 380 cold hardiness, 3) range boundary and 4) representativeness of our study organisms to the 381 species as a whole. We will address each of these points in turn. 382 First, cold exposure will be determined by overwintering microhabitat, which can be 383 buffered by snow cover (Williams et al., in press). Thus, pupae overwintering beneath the snow 384 pack will experience milder temperatures than the air temperatures we used, at least for part of 385 the winter. Natural pupation sites of P. zelicaon have not been studied, and related species use a 386 range of pupation sites ranging from beneath the leaf litter to tree trunks high above the 387 snowpack (West and Hazel, 1979) . Thus, the degree to which overwintering individuals 388 experience microclimate temperatures comparable to our weather data records is unknown, and 389 we may have overestimated the occurrence of potentially-lethal temperature exposures. 390
However, the pupae tie themselves to twigs during pupation, suggesting that they may be 391 exposed to the elements during overwintering (JJH and CMW, personal communication). 392
Additionally, low temperatures and snow cover do not always coincide (Williams et al., in 393 press), further suggesting that at least some exposure to low air temperature likely occurs.
Second, cold hardiness can be enhanced by physiological plasticity in response to 395 temperatures experienced during the winter (cues not present in the laboratory experiment). For 396 example, many insect species are capable of rapid cold-hardening, wherein a prior (mild) cold 397 exposure increases tolerance of subsequent cold snaps (Lee et al., 1987) , and repeated exposure 398 to cold generally improves cold tolerance (Marshall and Sinclair, 2012a ). Thus, it is possible that 399 the persistence of northern populations could be enhanced by physiological plasticity, resulting 400 in low temperature tolerance not being challenged even outside the range boundary. generally more severe than those on Vancouver Island, which may make our estimates of cold 411 tolerance conservative (i.e. mainland populations would be expected to be more cold-hardy). 412
However, snow cover is much deeper and more persistent on the mainland compared to 413
Vancouver Island meaning that exposure to the elements may be higher on Vancouver Island, 414 resulting in conditions being more similar than would be expected based on weather data. 415
Deacclimation processes may also differ between populations, but since deacclimation results 416 from resumption of development, and northern range edge populations are under seasonal timeconstraints, we expect that northern range edge populations would also show a robust 418 deacclimation response. 419
Thus, although our estimates suggest that populations could survive at the northern-most 420 range limit but not beyond, increased certainty would require better estimates of microclimate 421 conditions (based on knowledge of natural pupation sites), knowledge of the degree of 422 physiological plasticity in cold hardiness in natural conditions, more nuanced information on the 423 range boundary of stable overwintering populations, and information on intra-specific variation 424 in cold hardiness among populations. Nevertheless, despite all these potential limitations of the 425 available data, given that the match between measured lower lethal temperatures and 426 temperatures near the best-estimated northern range boundary is close, we believe that there is 427 good support for the hypothesis of cold limitation for this species. 428
Deacclimation has important implications for population persistence in a variable world. 429
We found that "warm snaps", defined as four or more days above the threshold for development, 430 occurred between the end of March and the end of April at the northern range edge, and in some 431 years were followed by low temperatures approaching the temperature that caused 100 % 432 mortality after a 1 h exposure in the laboratory for deacclimated pupae. It thus seems likely that 433 cold snaps following deacclimation could be an important selective pressure on natural 434 populations near the northern range limit, at least in the recent past. Tables   600   Table 1 were chosen that were close to the northern range edge (inside range), with a paired station 300-614 400km to the north at the same longitude (outside range) ( Table 2) 
